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Electrophysiologic study of the cortical collecting tubule of
the rabbit. Previous in vitro microperfusion studies have shown
that under various circumstances the transepithelial potential dif-
ference (PD) of the cortical collecting tubule may be oriented
either lumen-negative or lumen-positive. The present study ex-
amines the origin of the lumen-positive PD in (I) collecting tu-
bules obtained from rabbits on a high sodium chloride diet and (2)
collecting tubules with originally lumen-negative PDs which were
made positive by sodium substitution with choline or sodium
transport inhibition with ouabain. In addition, another group of
tubules obtained from rabbits given deoxycorticosterone acetate
(DOCA), 5 mg i.m., for I week were perfused with a low chloride
perfusate (5 to 10 mM). Chloride concentration of the collected
fluid was measured and used to calculate whether chloride was in
passive equilibrium across the tubules. In tubules with a lumen-
positive PD, chloride replacement by methyl sulfate in bath and
perfusate completely obliterated the positive PD (+6.9 1.0
mV before and —1.6 1.3 after methyl sulfate substitution). Fu-
rosemide l0 M or l0 M had no effect on the lumen-positive
PD, whereas acetazolamide (l0 M in bath) produced a signifi-
cantdecreaseinthePDfrom +9.3 l,2mVto+3.3 0.8mV.
Varying the ambient pH from 6.7 to 7.5 by altering bath Pco2 had
no consistent effect. Finally, the chloride equilibrium studies
showed that in every tubule studied there was a large difference
between the measured and equilibrium PD for chloride (mean =
25 6.5 mV). Thus, all tubules accomplished net chloride trans-
port against a concentration gradient in excess of that predicted
by passive driving forces. It is concluded that the cortical collect-
ing tubule exhibits active chloride transport that under certain
circumstances is responsible for a lumen-positive PD and that
this PD is sensitive to acetazolamide but not to furosemide.
Etude électrophysiologique du canal collecteur cortical du lapin.
Les etudes antérieures par microperfusion in vitro ont montré
que dans diverses circonstances Ia difference de potentiel trans-
épithéliale (PD) du canal collecteur cortical comporte une posi-
tivité ou une négativité luminale. Ce travail étudie l'origine de Ia
positivité luminale dans (1) des collecteurs obtenus de lapins
soumis a une alimentation riche en sodium, et (2) des collecteurs
dont Ia lumière est initialement negative puis rendue positive par
Ia substitution de Ia choline au sodium ou l'inhibition du trans-
port de sodium par l'ouabamne. De plus, un autre groupe de tu-
bules obtenus de lapins traités par l'acétate de desoxycorticosté-
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rone (DOCA), 5 mg i.m., pendant I semaine, a été perfuse avec
une solution pauvre en chlore (5 a 10 mM). La concentration de
chlore dans le liquide collecté a été mesurée et utilisCe pour dé-
terminer, par le calcul, Ia possibilitC d'un équilibre passif du
chlore a travers Ia paroi tubulaire. Dans les tubules dont Ia lumi-
ère est électro-positive, Ia substitution de CH3SO4 au chlore
dans Ic bain et Ic liquide perfuse abolit Ia positivitC (+6,9 1,0
mY avant et 1,6 1,3 après substitution). Le furosémide 10 M
ou l0 M na pas d'effet sur Ia positivitC alors que
l'acCtazolamide (l0 M dans Ic bain) determine une diminution
significative de PD de +9,3 1,2 mV a +3,3 0,8 my. La
modification du pH ambiant de 6,7 a 7,5 obtenue par des varia-
tions de Pco2 n'a pas d'effet net. Enfin l'étude de l'équilibre du
chlore montre, dans chaque tubule étudié, une difference impor-
tante entre PD mesurée et PD d'équilibre du chlore (moyenne,
25 6,5 mV). Donc tous les tubules accomplissent un transport
net de chlore, contre un gradient de concentration, en excès par
rapport a ce qui peut étre calculé par les forces passives. II est
conclu que le canal collecteur cortical exerce un transport actif
de chlore qui, dans certaines conditions, est responsable d'une
électropositivité luminale. Cette électropositivité est sensible a
l'acétazolamide mais non au furosémide.
Previous studies have demonstrated that the
transepithelial potential difference (PD) of the in vit-
ro perfused rabbit cortical collecting tubule may be
oriented either lumen-negative or lumen-positive
depending upon dietary electrolyte manipulations,
mineralocorticoid status of the animal, or inhibition
of sodium transport with any of several methods—
ouabain, amiloride, bath and luminal sodium re-
moval, and peritubular potassium removal [1-3].
The nature of the lumen-negative potential has been
well studied, and has been shown to be related to
active lumen-to-peritubular sodium transport [1, 4].
The genesis of the lumen-positive potential has not
been extensively examined, however. In general
terms, a lumen-positive potential can be generated
by preferential removal of anions from the lumen or
secretion of cations into the lumen. Data from pre-
vious studies of several epithelia have documented
the existence of active electrogenic anion transport,
specifically chloride, in turtle bladder [5], toad blad-
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der [6], and renal thick ascending limbs of Henle [7,
8]. For this reason, it seemed appropriate to exam-
ine whether a similar anion transport mechanism
exists in cortical collecting tubules exhibiting a lu-
men-positive potential.
The studies presented here use electrophys-
iologic methods to determine the origin of the
lumen-positive potential in isolated perfused rab-
bit cortical collecting tubules. Similar methods
have been used in the past to provide a signifi-
cant amount of information about the transport
properties of epithelia [9—12]. The reason for using
electrophysiologic as opposed to isotopic flux mea-
surements in these experiments is because the
major component of chloride flux across the cortical
collecting tubule consists of exchange diffusion [13].
Such a process tends to normalize flux ratios towards
one under all circumstances and could therefore
mask an active chloride transport process. Indeed,
the results of the present studies fulfill the usual
criteria for postulating the presence of an active
chloride reabsorptive process in the cortical collect-
ing tubule of the rabbit.
Methods
Segments of rabbit cortical collecting tubules
were perfused in vitro as previously described [14].
Female New Zealand rabbits, each weighing 1.5 to
4.0 kg, were used in all studies. The animals were
maintained on one of the following regimens: (1)
standard laboratory diet containing 140 mEq/kg so-
dium and 390 mEq/kg potassium, (2) standard lab-
oratory diet plus deoxycorticosterone acetate
(DOCA), 5 mg i.m., for 1 week prior to experimen-
tation, and (3) standard diet plus substitution of 0.9%
sodium chloride for tap water as the animals' source
of fluid. Segments of cortical collecting tubules 1 to
3 mm in length were dissected in chilled artificial
ultrafiltrate to which fetal calf serum 5% by volume
had been added. All studies were performed at
370 C. Two different types of experiments were per-
formed.
Group 1. In this group tubules were perfused and
bathed with one of several solutions. Control solu-
tion was an artificial ultrafiltrate of plasma. Its com-
position, per liter, was: 105 mmoles of sodium chlo-
ride, 25 mmoles of sodium bicarbonate, 5.0 mmoles
of potassium chloride, 2.3 mmoles of dibasic so-
dium phosphate, 10 mmoles of sodium acetate, 1.0
mmole of magnesium sulfate, 1.8 mmoles of cal-
cium chloride, 8.3 mmoles of glucose, and 5.0
mmoles of alanine. In experiments involving chlo-
ride substitution, the composition of the chloride-
free solution, per liter, was: 105 mmoles of sodium
methyl sulfate, 25 mmoles of sodium bicarbonate,
5.0 mmoles of potassium bicarbonate, 4.0 mmoles
of dibasic sodium phosphate, 10 mmoles of sodium
acetate, 1.0 mmoles of magnesium sulfate, 1.8
mmoles of calcium acetatel, 8.3 mmoles of glucose,
and 5.0 mmoles of alanine. The composition of the
sodium-free solution, per liter, was: 148 mmoles of
choline chloride, 5.0 mmoles of potassium bicar-
bonate, 2.0 mmoles of dibasic potassium phos-
phate, 1.0 mmoles of magnesium sulfate, 2.5
mmoles of calcium acetate, 8.3 mmoles of glucose,
and 5.0 mmoles of alanine. All substitutions experi-
ments required less than 2 mm to complete. In all
ion replacement experiments, the same solutions
were used as both bath and perfusate to avoid both
transtubular ion diffusion gradients as well as asym-
metrical liquid junction potentials. Perfusion rates
were not specifically measured but were adjusted to
exceed 10 nhlmin to obviate the development of dif-
fusion potentials. The transtubular potential dif-
ferences were measured by techniques previously
reported [15]. The potential difference was continu-
ously recorded on a multipen recorder (Rikadenki,
model B-262, Kogyo Co., Ltd., Tokyo, Japan).
Ouabain (l0 M) and acetazolamide (10 M) were
added to the bath, and amiloride (l0 M) and fu-
rosemide (l0 M) were added to the perfusate in
those experiments in which the effect of inhibitors
on the transtubular potential difference was studied.
Osmolality of all solutions was measured by freeze-
point depression osmometer (Advanced Instru-
ments, Inc., Needham Heights, Massachusetts).
The results of the potential measurements are ex-
pressed as means SEM of the number of tubules
studied. The statistical significance of the results
was calculated by Student's paired t test analysis.
Group 2. In these studies, tubules were obtained
from DOCA-treated animals and perfused with a
low-chloride (5 to 10 mmoles/liter) artificial ultrafil-
trate prepared by decreasing the sodium chloride
content of the control solution to I to 5 mmoles/
liter. The osmolality of this solution was adjusted to
295 to 300 mmoles with raffinose. The bathing solu-
tion in these experiments was artificial ultrafiltrate
to which fetal calf serum 5% by volume had been
added. The osmolality of this bathing solution was
adjusted with raffinose as necessary to a value 1 to 3
mmoles greater than the perfusate. These tubules
were perfused at flow rates of 2 to 4 nllmin, and the
tubule effluent was collected under oil. Micro-
samples were analyzed for chloride ion concentra-
tion by the Ramsey method. Samples of perfused
76 Hanlev ci a!
fluid and bath were analyzed for chloride by this
same method. As in the group I studies, the trans-
tubular potential was continuously recorded. Liq-
uid junction potentials were measured as previously
reported [II], and suitable corrections were made
on the observed potential to correct for the asym-
metry of the system in this group of experiments.
The predicted equilibrium of chloride, assuming
passive chloride distribution across the cortical col-
lecting tubules, was calculated by means of the
Nernst equation:
E = —RT In [Cl] bathF [C1] lumen
Results
Group 1. This group of studies was designed to
investigate ion transport across the cortical collect-
ing tubule by examining the effect of ion sub-
stitution on the lumen potential. Because the origin
of the positive lumen potential was to be investi-
gated, it was necessary to examine cortical collect-
ing tubules with a baseline positive potential. Three
methods were used to obtain tubules with a lumen-
positive potential. First, tubules harvested from
rabbits on a high sodium chloride diet are spontane-
ously lumen-positive. Second, replacement of so-
dium by choline in both perfusate and bath reverses
the normally negative lumen potential of rabbits on
a standard diet. Third, a lumen positive potential
was generated by addition of l0 M ouabain to the
bath in tubules exhibiting a small negative PD. Fig-
ure 1 shows the reversal of the negative potential
resulting from replacement of sodium with choline;
the potential immediately reversed from —8.9 2.6
mY with control solution to +6.7 1.5 mV with
choline substitution (P < 0.001, N = 10). Replace-
ment of bath and perfusate with control solutions
resulted in recovery of the lumen-negative potential
(—4.1 1.5 mV).
Effect of ouabain. The effect of addition of l0 M
ouabain to the bath solution was examined in tu-
bules in which a positive potential resulted from
choline chloride substitution in bath and perfusate,
or in tubules in which a spontaneous positive PD
was observed. As shown in Fig. 2A, in tubules that
exhibited a spontaneously positive potential, oua-
bain produced a significant increase in that potential
from +2.2 0.7 mV to +5.1 0.9mV(P <0.0025,
N = 12). In contrast, when solutions lacking sodium
were used to perfuse and to bathe tubules, the re-
sultant lumen-positive potential was minimally, but
statistically significantly influenced by ouabain
Control Experiment
Fig. 1. Effect of replacement ofsodium b' (ho/inc in hat/i and
pertusate. In each instance, the baseline lumen-negative poten-
tial reverted to a positive value when sodium was replaced with
choline.
(+5.4 1.2 mV prior to and +4.6 1.1 mV after
l0 M ouabain, P < 0.05, N = 7). These results
suggest that the production of a positive trans-
tubular PD by ouabain is most likely a result of inhi-
bition of electronegative sodium transport [1, 4, 16].
Effect of furosetnide. The effect of furosemide
was examined in those tubules with a lumen-posi-
tive potential. In these experiments, a positive po-
tential was produced either by choline replacement
of sodium in bath and perfusate, or by perfusing tu-
bules from rabbits given a high-salt diet. The addi-
tion of l0 M furosemide to the perfusate had no
influence on the positive potential (control PD,
+7.9 0.9 mV; experimental PD, 7.4 1.0 mV;
N = 7; P > 0.05). In additional experiments, 10 M
furosemide was added to the perfusate, without ef-
fect on the transtubular potential.
Effect of acetazolarnide. It has been demon-
strated previously that addition of acetazolamide
l0 M to the bathing solution of the rabbit cortical
collecting tubule in the presence of a positive poten-
tial causes a reversible decrease of the PD toward
zero [2]. Similarly, in the current experiments when
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acetazolamide (10 M) was added to the bath, there
was a significant inhibition of the positive PD, with
only partial recovery (control, +9.3 1.2 mV; ex-
perimental, +3.3 0.8 mV; P < 0.005; N = 16;
recovery, +6.3 0.9 mV, P <0.0005, N = 15). The
inhibition was only partial and occurred both in the
presence (perfusion with control solution) and ab-
sence of sodium transport. In the presence of spon-
taneous positive potential, acetazolamide 10 M re-
sulted in an inhibition of the potential from a control
value of +8.2 2.3 mV to +0.8 0.6 mV (N = 5,
P < 0.025), with partial recovery to +5.5 1.2.
When sodium transport was first inhibited by choline
substitution or ouabain, there was also significant
inhibition of the potential difference after acetazol-
amide (control PD, +8.6 1.8 my; experimental
PD, +3.5 0.7 mV; N = 8; P < 0.0025). Again,
there was partial recovery (PD, +5.3 1.1 mV) af-
ter washing acetazolamide from the bath. These
data indicate that the inhibitory effect of acetazol-
amide is not dependent on sodium transport or some
sodium-linked process. In addition, the effect of
acetazolamide was examined in the presence of a
lumen-negative PD. When tubules exhibiting a
spontaneous negative PD were perfused with con-
trol solution, acetazolamide produced an increase
in the magnitude of the negative PD (control PD,
—7.3 2.2 mV; after acetazolamide, —10.7 3.1
I I I
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Fig. 3. Effect of chloride replacement on the lumen-positive po-
tential. Tubules were obtained from rabbits on a high-salt diet
and were perfused with control solution. Replacement of chlo-
ride by methyl sulfate in bathing and perfusing solutions resulted
in an immediate inhibition of the lumen-positive potential, the
resultant potential being either zero or a negative value (see
text). Return to control solutions resulted in prompt recovery.
mV; P < 0.05). These findings are in agreement
with those previously reported by Stoner, Burg,
and Orloff [2]. In a separate set of experiments,
chloride ion in bath and perfusate was replaced by
methyl sulfate. Subsequent addition of acetazol-
amide was associated with a minimal but significant
increase in the negative PD from —10.8 2.7 mV
before acetazolamide to —11.3 2.7 mV (P <
0.025) after acetazolamide. Thus, acetazolamide (1)
decreased the magnitude of the lumen-positive po-
tential in the presence or absence of sodium trans-
port but (2) had a much smaller effect on the base-
line potential in the absence of chloride ion.
Influence of chloride ion on the potential dif-
ference. As shown in Fig. 3, when chloride in per-
fusate and bath was replaced by methyl sulfate,
there was an inhibition of the positive potential dif-
ference, the control value of +5.5 1.3 mV falling
to —4.8 1.4 mV after methyl sulfate substitution
(N = 6, P < 0.001). This inhibition was reversible
(recovery PD, +3.4 0.9 mY; P <0.005; N = 6).
Substitution of chloride by methyl sulfate resulted
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Fig. 2. Effect of ouabain on the lumen-positive potential. In the
presence of sodium in perfusing and bathing solutions, addition
of ouabain lO NI to the bath increased the magnitude of the
lumen-positive potential (panel A). Ouabain had a minimal inhib-
iting effect on the potential when sodium was replaced by choline
in perfusing and bathing solutions (panel B).
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Table 1. Effect of inhibition of sodium and chloride transport on the magnitude and orientation of the transtubular potential difference
Controla Amilorideb Amiloride + methyl sulfatee
Tubule rnV nV nV
Recovery
mV
—3.0 +5.1 +1.3 —2.0
2 —35.0 + 11.0 0 —28.0
3 —22.0 +7.5 +1.0 —22.0
4 —15.0 +2.0 —0.8 —
Mean SEM —18.8 6.7 +6.4 1•9d +0.4 0.5 —17.3 7.9
a Perfusate and bath is "A" solution (control solution).
2 x l0 at was added to perfusate.
Methyl sulfate replaced of chloride in perfusate and bath plus amiloride 2 x l0 M in perfusate.
d P < 0.05 compared to control.
ep < 0.05 compared to control, but not significantly different from zero (P> 0.20).
Table 2. Results of group 2 experiments
Perfusion Chloride in Calculated
Exp. no. with chloride Chloride bath Observed PD collected fluid passive chloride
5.9 115.0 —55.4 3.4 14.77
2 7.8 108.3 —60.4 2.1 11.56
3 9.5 92.1 —75.4 4.3 5.64
4 7.4 105.1 —69.4 5.9 8.05
5 7.5 106.0 —60.4 5.0 11.31
6 6.8 110.1 —60.4 4.1 11.76
in no pH change because both control solution and
methyl sulfate solution had identical pH values.
Moreover, there was no induced transtubular pH
gradient because identical solutions were used to
perfuse and bathe the tubule. In additional experi-
ments, the magnitude of the potential difference
was examined in the absence of both sodium and
chloride transport. In preliminary experiments, it
was shown that amiloride (2 X l0 M) added to the
perfusate completely inhibited that fraction of so-
dium transport that generates a PD, because re-
placement of sodium with choline had no further in-
fluence on the potential difference in the continued
presence of amiloride. When chloride was replaced
in bath and perfusate by methyl sulfate and sodium
transport was inhibited by amiloride, the mean po-
tential difference was +0.4 0.5 mV, a value not
significantly different from zero (N = 4, P < 0.20)
(Table 1). Thus, in the absence of chloride trans-
port, it is unlikely that any other ion transport pro-
cess contributes to the positive potential difference.
Because of the apparent conflict of these data
with the results of chloride substitution reported by
Stoner, Burg, and Orloff [2], we performed addi-
tional experiments with the same solutions as those
used by these authors. Even though a small asym-
metrical liquid junction potential exists under these
circumstances, replacement of chloride with sulfate
again reduced the transtubular PD to essentially ze-
ro. With control solution, the PD averaged —30.4
5.3 mV. Replacement of sodium with choline re-
versed the PD to +7.4 1.9 mV (N = 5, P < 0.01).
Perfusate and bath were then replaced by the chlo-
ride-free solutions (sodium sulfate), and amiloride
(2 x 10 M) was added to the perfusate. Under
these conditions, the potential fell to —0.3 0.2 mV
(N = 5, P < 0.0025). Replacement of perfusate and
bath with the original control solutions resulted in
recovery of the potential of —21.2 3.5 mV. Thus,
in the absence of sodium transport, replacement of
chloride by either methyl sulfate or sulfate reduced
the transtubular potential to essentially zero.
Group 2. This group of studies was designed to
compare the observed chloride ion concentration
distribution across the CCT with the calculated dis-
tribution based on the measured potential across
the CCT and assuming passive equilibration. The
results of these studies are shown in Table 2. In
every case, the observed potential across the tubule
was insufficient to explain the observed chloride ion
distribution. The mean difference between the mea-
sured and equilibrium potential for chloride was
— 25 6.5 mY.
Previous studies [2, 13] indicate that the chloride
and sodium permeabilities of CCT's are of com-
parable magnitude so that these results would not
be influenced by a chloride diffusion potential. To
rule out this possibility, we measured the PD across
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CCT's from DOCA-treated rabbits in the presence
of a 12.8 and 6.2 mEq/liter chloride perfusion solu-
tion (bath chloride = 106 mEq/liter). Halfing the
chloride concentration of the perfusate resulted in a
—2 mY change in the recorded PD (N = 5). There-
fore, the observed PD was not significantly influ-
enced by a chloride diffusion PD. In all experi-
ments, the tubule accomplished net chloride trans-
port against a concentration gradient in excess of a
value predicted by purely passive driving forces.
Thus, based on both ion substitution experiments
and Nernst equilibrium calculations, the cortical
collecting tubule of the rabbit exhibits properties of
active chloride transport.
Discussion
It has been demonstrated previously that the
transtubular potential of the rabbit cortical collect-
ing tubule (CCT) may be either lumen-positive or
lumen-negative depending on the mineralocorticoid
status of the animal [1]. It is now generally agreed
that the lumen-negative potential is in part due to
electrogenic sodium transport [4], but no such con-
sensus exists regarding the origin of the lumen-posi-
tive potential. In the present series of electrophysi-
ologic studies, significant evidence is advanced that
active chloride ion transport is responsible for the
observed lumen-positive potential. Ion substitution
experiments demonstrating that the lumen-positive
potential is dependent on the presence of chloride
ion together with the actual determination of a non-
equilibrium chloride ion concentration distribution
generated by the CCT provide substantial evidence
for an active chloride transport process. This ap-
proach to demonstrate an active chloride transport
process was necessary because the major com-
ponent of chloride flux across the CCT is via an ex-
change diffusion process [13]. The presence of such
a process normalizes flux ratios toward one under
all circumstances and makes the detection of an ac-
tive transport process by the Ussing flux ratio cri-
teria very difficult if not impossible.
A positive lumen potential is found under several
circumstances in the CCT of the rabbit. It occurs
spontaneously if the animals are placed on a high
sodium chloride diet resulting in effective mineral-
ocorticoid suppression. In addition, a spontaneous
negative potential can be converted to a positive po-
tential when sodium is replaced in the perfusing and
bathing solution by choline. It can likewise be ob-
served by the pharmacologic inhibition of sodium
transport by ouabain (10 M) added to the bath or
amiloride (l0 M) added to the perfusate. Regard-
less of the method used to generate the lumen-posi-
tive potential, symmetrical replacement of chloride
ions whether by sulfate or methyl-sulfate ions
across the epithelium eradicates this potential. In
previous studies from several laboratories, the lu-
men-negative potential across the cortical collecting
tubule has been attributed to an active sodium
transport mechanism based on isotopic and chem-
ical measurements. It likewise has been shown in
the present studies and elsewhere [10] that removal
of sodium from both sides of the epithelium or phar-
macologic inhibition of its transport causes the
eradication of its resultant lumen-negative poten-
tial. To balance these observations, it has been
demonstrated in the present study by chemical mea-
surements that an off-equilibrium chloride distribu-
tion exists across the cortical collecting tubule and
removal of chloride from both sides of the epithe-
hum causes the eradication of the lumen-positive
potential.
Acetazolamide caused a partial inhibition of the
positive potential in the present experiments, and
this effect was only partially reversible. Because
acetazolamide has been shown to inhibit chloride
transport in several epithehia [13—15], the inhibition
seen in the present experiments could have resulted
from inhibition of electrogenic chloride reabsorp-
tion. In the presence of a spontaneous lumen-nega-
tive potential difference, when chloride ion was re-
placed by methyl sulfate, subsequent addition of
acetazolamide had minimal, if any, effect on the po-
tential. This suggests that the observed reduction in
the lumen-positive potential after acetazolamide re-
sulted from inhibition of chloride transport rather
than inhibition of hydrogen secretion.
In experiments where sodium ion was present in
the perfusing and bathing solutions, ouabain in-
creased the magnitude of the positive potential or
caused a reversal of a spontaneous small negative
potential to a positive value. When sodium ion,
however, was replaced by choline, ouabain had a
minimal effect on the potential difference (Fig. 2).
These data indicate that ouabain has no direct influ-
ence on the electrogenic process or processes re-
sponsible for the positive potential, and that the re-
versal of a spontaneous negative potential or aug-
mentation of a positive value is solely the result of
inhibition of coexistent sodium transport.
The present studies are in agreement with pre-
vious data indicating active chloride transport in the
distal nephron. Under circumstances of salt deple-
tion and infusion of an unreabsorbable anion, Rec-
tor and Clapp found evidence for active chloride
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transport in the distal tubule of the rat, which was
based on the discrepancy between the calculated
transepithelial potential based on the measured
chloride ion distribution, and the experimentally
measured potential [9]. In view of the recent micro-
anatomical evidence of Woodhall and Tisher [21], it
is likely that the epithelium studied was primarily if
not exclusively collecting tubule. Similar data in the
"late distal tubule" of the rat has recently been gen-
erated by Khuri, Agulein, and Borharian, who also
measured intracellular chloride activities and pen-
tubular potential difference [10] and concluded that
an active step in chloride transport occurred across
the luminal rather than peritubular cell membrane.
Finally, on the basis of the steep electrochemical
gradient for chloride between interstitium and tubu-
lar fluid in the papillary collecting duct, it was con-
cluded recently that potential difference was in-
sufficient to account for the transtubular chloride
distribution [22]. Thus, there has been strong evi-
dence previously generated for the existence of ac-
tive chloride transport in the distal nephron, and
more recent anatomic studies suggest that the site
for such a transport process is in the collecting duct.
Addition of l0 M furosemide to the perfusate
had no influence on the lumen-positive potential in
this segment. Previous studies have already shown
that furosemide has no effect on the lumen-negative
potential of the cortical collecting tubule [23]. It is
not completely clear why furosemide failed to influ-
ence electrogenic chloride transport responsible for
the positive potential in this nephron segment, be-
cause it clearly inhibits chloride transport in the
cortical thick ascending limb of Henle's loop in the
same species [23, 24].
Although the present studies strongly suggest
that active electrogenic chloride transport is re-
sponsible for the positive potential in the cortical
collecting tubule, electrogenic hydrogen secretion
cannot be categorically excluded. Against the possi-
bility, however, is the fact that the potential was
zero when both sodium and chloride transport were
blocked. Certain findings are in disagreement with
those of Stoner, Burg, and Orloff [2] who found no
dependence of the potential difference on chloride
and, therefore, concluded that electrogenic hydro-
gen ion secretion accounted for the positive poten-
tial. In their experiments, the mean potential dif-
ference after replacement of chloride with sulfate as
+ 18 mY [2]. Different replacement solutions, how-
ever, were used for perfusate and bath, creating
both a transtubular diffusion gradient for sulfate and
for bicarbonate as well as asymmetrical liquid junc-
tion potentials. The more recent study of McKinney
and Burg [3] demonstrated that bicarbonate absorp-
tion is inhibited by amiloride, which lead them to
conclude that the positive voltage found in the pres-
ence of the drug was not due to hydrogen ion secre-
tion as originally proposed by Stoner et al [2].
It is also possible that potassium secretion could
account for the lumen-positive potential difference.
This, however, appears unlikely. In the current ex-
periments, amiloride in the perfusate resulted in the
development of a lumen-positive potential, in agree-
ment with the previous findings of Stoner et al [2].
The latter authors also noted that amiloride reduced
net potassium secretion in the cortical collecting tu-
bule by 102% [2]. Thus, the generation of a lumen-
positive potential in association with marked reduc-
tion in potassium transport argues strongly against
potassium ion being the source of this lumen-posi-
tive potential. In addition, previous studies by
Grantham et al [4] have shown that this lumen-posi-
tive potential can also be generated by removal of
potassium from the bathing solution, which results
in a dramatic fall in the lumen-to-bath sodium flux;
this finding also excludes a major quantitative role
for potassium ion in generating the lumen-positive
potential.
It has recently been demonstrated that the pres-
ence of a lumen-positive potential in isolated per-
fused human collecting tubule is also dependent on
chloride [26]. The nature of this transport process
seems to differ from that in the rabbit in that the two
mechanisms respond differently to various inhib-
itors, such as ouabain, furosemide, and acetazola-
mide. In this regard, it is of interest that at least two
different chloride transport mechanisms have been
described in frog skin [27]. One of these is aceta-
zolamide inhibitable but insensitive to ouabain (as
is the case in the rabbit, as reported here), whereas
the other is unaffected by acetazolamide but inhib-
ited by ouabain (similar to the drug responses of
chloride transport in human collecting tubules [26]).
The present studies suggest that the CCT, which
normally maintains a lumen-negative potential sec-
ondary to a predominant active sodium transport
capacity, can be experimentally manipulated to pro-
duce a lumen-positive potential that is secondary to
active electrogenic chloride transport. These con-
clusions are based on ion substitution experiments
that show that the lumen-positive potential is depen-
dent on chloride and chemical measurements of
chloride concentrations that show that the CCT is
capable of producing changes in chloride ion con-
centration opposite in direction to that predicted by
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the observed potential using the assumption of
purely passive equilibration. Although the evidence
suggests that this transport process exists, its physi-
ologic significance and control mechanisms were
not the subject of this study. It is conceivable and
teleologically satisfying to suspect that this process,
like sodium transport, is dependent on the mineral-
ocorticoid status of the animal.
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